rs-3 were irregular in shape and nearly 3 times larger in size relative to those of the wild-type. In contrast, there was no abnormality in size and shape in the remaining teeth of rs-3. In wild-type medaka embryos, there was a direct contact between the surface ectoderm and rostral endoderm in pharyngeal regions before the onset of pharyngeal tooth formation. However, there was no sign of ectodermal cell migration in the pharyngeal endoderm and hence no direct evidence of any ectodermal contribution to pharyngeal odontogenesis. These data suggest differential roles for Eda-Edar signaling in the induction and growth of scales and teeth and support the intrinsic odontogenic competence of the rostral endoderm in medaka.
Introduction
The evolutionary origin of vertebrate dentition remains a keen topic among paleontologists and evolutionary developmental biologists. In the classical theory of tooth evolution (outside-in theory), teeth have been thought to derive from the dermal skeletal units known as odontodes that cover the external surfaces of the exoskeleton of extinct vertebrates, based on their similarity in structure and processes of formation (Orvig, 1967; Kemp, 1999) . In this theory, the teeth in jaw bones are believed to have evolved in the skin ectoderm being invaginated in the oral cavity in jawed vertebrates (gnathostomes) and are later modified to perform a masticatory function Summary. Ectodermal contribution to the induction of pharyngeal teeth that form in the endodermal territory of the oropharyngeal cavity in some teleost fishes has been a matter of considerable debate. To determine the role of ectodermal cell signaling in scale and tooth formation and thereby to gain insights in evolutionary origin of teeth, we analyzed scales and teeth in rs-3 medaka mutants characterized by reduced scale numbers due to aberrant splicing of the ectodysplasin-A receptor (edar). Current data show that, in addition to a loss of scales (83% reduction), a drastic loss of teeth occurred in both oral (43.5% reduction) and pharyngeal (73.5% reduction) dentitions in rs-3. The remaining scales of Scale and tooth phenotypes in medaka with a mutated ectodysplasin-A receptor: implications for the evolutionary origin of oral and pharyngeal teeth A.D odontogenic epithelia in Malawi cichlid fishes and confirmed the involvement of ectodysplasin signaling in both the oral and pharyngeal odontogenesis of teleosts, the latter being endodermal in nature. The expression of ectodysplasin signals in the endoderm is not specific to teleosts; it has been confirmed also in the visceral and definitive endoderm in mouse embryos (Mikkola et al., 1999) . Harris et al. (2008) examined various mutant zebrafish (Danio rerio) representing a loss of functioning alleles in eda and edar genes, and confirmed that ectodysplasin signaling is essential for the development and patterning of teeth as well as the dermal skeleton (scales and fin rays). Despite all this circumferential evidence, however, since zebrafish only have pharyngeal teeth and lack oral teeth, whether the ectodysplasin pathway equally contributes to oral and pharyngeal odontogenesis has remained undetermined.
The edar mutant medaka fish identified by Kondo and coworkers (Kondo et al., 2001 ) displays a severely retarded scale formation, leaving only a small number of large-sized scales and thus referred to as reduced scale-3 (rs-3). No in-depth information has been available as to how aberrant Edar affects tooth formation in oral-and pharyngeal regions in rs-3. In this study, we therefore sought to examine the scales as well as oral and pharyngeal teeth in rs-3 to gain further insight in the evolutionary and neontological origins of vertebrate teeth.
Materials and Methods
A d u l t m e d a k a ( O r y z i a s l a t i p e s ) ( n = 1 0 ) a n d r s -3 (n=10) of both sexes, approximately 30 mm body length, were maintained at 26 under a 14/10 h light/ dark cycle. Embryos were maintained at 28 under a 14/10 h light/dark cycle and fixed in the Department of Biological Sciences, Graduate School of Frontier Sciences, University of Tokyo, under the institutional guidelines for animal experimentation. Histological analysis was performed in the Section of Biostructural Sciences, Graduate School of Tokyo Medical and Dental University. Developmental stages were determined according to Iwamatsu s developmental staging (2004) .
Morphological observation of scales and teeth
Fish were anesthetized in 0.018% tricaine and then fixed by immersion in 4% paraformaldehyde (PFA) in a 0.1M phosphate buffer (pH 7.3) for 3 days at 4 . Fixed medaka were processed for confocal X-ray microscopy of oral-and pharyngeal dentitions by Shimadzu SMX-90CT (Reif,1982) . An opposing view to this classical theory emerged as the inside-out hypothesis (Smith and Johanson, 2003; Johanson and Smith, 2005) . According to this model, teeth-like mineralized structures first appeared in the pharyngeal region of the ancient jawless vertebrates (agnathans) and oral teeth were formed later by co-option from the rostrally spreading pharyngeal denticles (Smith and Coates 1998; Smith 2003; Smith and Johanson 2003; Fraser and Smith 2011) . This model highlighted the odontogenic competence of the rostral endoderm, which was later co-opted by the ectodermal oral epithelia to form oral teeth in accord with the emergence of the oral cavity. In addition to these two antithetical hypotheses on vertebrate tooth evolution, a modified outside-in hypothesis has been introduced in recent years (Huysseune et al., 2009) . This third hypothesis basically agrees with the classic outside-in theory of tooth evolution and states that both oral and pharyngeal odontogenesis are the consequence of the migration of a competent odontogenic ectoderm inside the oropharyngeal cavity via the mouth and gill slits as well as other openings of the oral cavity. Huysseune et al. (2009) stressed the absence of pharyngeal teeth in animals without a gill slit opening as supporting evidence for the modified outside-in hypothesis. A weakness of the third hypothesis is the absence of odontogenic competence in the surface ectoderm of current teleosts either with or without pharyngeal dentition.
Odontogenesis is orchestrated by several families of signaling molecules; among these are tissue necrosis factor (TNF) family (Mikkola et al.,1999; Tucker et al., 2000) , Hedgehog family (Hh) (Iseki et al.,1996) , W n t s i g n a l i n g f a m i l y ( D a s s u l e a n d M c M a h o n , 1998), fibroblast growth factors (FGF) (Kettunen and Thesleff,1998) , and bone morphogenetic proteins (BMP) (Aberg et al.,1997) . The signaling pathway of ectodysplasin, a TNF family member, plays a pivotal role in ectodermal organogenesis such as teeth and skin appendage formation (Mikkola et al., 1999; Tucker et al., 2000; Pispa and Thesleff, 2003) . The ligand of this pathway ectodysplasin A (Eda) (Kere et al., 1996; Bayes et al., 1998) , its receptor (Edar) (Monreal et al., 1999) , and its adaptor molecule (Edaradd) (Headon et al., 2001; Yan et al., 2002) are the initial members of this signaling cascade. Any gene mutation of these molecules causes a developmental disorder in humans known as Hypohydrotic Ectodermal Dysplasia (HED), which causes an abnormal number of malformed teeth, sparse hair, and hypoplastic sweat glands (Clarke et al., 1987; Pantalacci et al., 2008; Charles et al., 2009) . Fraser et al. (2009) reported equal expression patterns of eda and edar signals on the oral and pharyngeal
Examination of medaka embryos
In order to examine the spatial relationship between the rostral endoderm and surface ectoderm in the embryonic development of medaka, early embryos of wild-type medaka were processed for light and electron microscopy and for a three-dimensional (3D) reconstruction of (Shimadzu, Kyoto) and then for whole body alizarin red staining to visualize mineralized scales and facilitate scale counting. All scales posterior to the pectoral fins were removed and used for counting as well as for size and shape measurements using the morphometric function of Photoshop CS5 (Adobe Systems Inc., San Jose, CA, USA). Next, the upper and lower jaws and pharyngeal bones of these animals were dissected and processed for tooth counting either directly under the dissection microscope or on enlarged photographs of the individual samples. Student's t-test was used for statistical analyses of differences in scale numbers, size, and shape, and that of tooth numbers between wild-type and rs-3 specimens.
Histological analysis
After tooth counting, the dissected jaws and pharyngeal bones were embedded in Technovit 7100 (Kulzer, Wehrheim, Germany), a water-miscible resin, after dehydration through a graded series of ethanol. Twom-thick Technovit sections were incubated for the histochemical localization of tartrate-resistant acid phosphatase (TRAP) activities by the azo-dye method (Burstone, 1967) and counter-stained with methylene blue or with toluidine blue. Some wild-type and rs-3 medaka were fixed with a mixture of 3% PFA and 2.5% glutaraldehyde in a 0.1M cacodylate buffer (pH 7.3) for 3 days for electron microscopic observations. Upper and lower pharyngeal bones were dissected, further fixed with 1% osmium tetroxide solution for 2 h at 4 , and embedded in epoxy resin (Epon 812, Taab, Berkshire, UK). Ultrathin sections were double stained with uranyl acetate and lead citrate solutions and examined under a Hitachi H-7100 electron microscope (Hitachi, Tokyo). A wild-type medaka shows well aligned alizarin red positive scales over its entire body surface. B: An rs-3 medaka devoid of scales in the caudal half of the trunk, leaving some large ones on the dorsal region. The rostral half and the head region of this medaka is covered with scales. C: An rs-3 medaka with a severe phenotype. Only a few scales remain in the rostral half of the trunk and the head region. Malformation of the caudal fin (arrow) is also noted. D: Comparison of the size and shape of the scales from rs-3 and wild-type medaka (inset: same magnification as D).
Fig. 2.
Oral-and pharyngeal dentition in wild-type and rs-3 medaka. A: 3D micro CT image of oral dentition viewed from a frontal direction. B: 3D micro CT image of pharyngeal dentition viewed from the lower left direction. Numerous pharyngeal teeth are aligned in parallel rows on a pair of upper and lower pharyngeal bones. Lower pharyngeal teeth are not visible in this micrograph. C: Macroscopic views of the lower jaw in wild-type (WT) and rs-3 medaka. Numerous teeth are aligned along the rostral rim of the oral cavity in WT and rs-3. D, E: Montage images of the upper (C) and lower (D) pharyngeal dentition in wild-type (WT) and rs-3 medaka. Parallel rows of brown dots represent cusp tips of the individual functional teeth. Both a drastic reduction in tooth number and disrupted tooth arrangement are noted in rs-3. F, G: Plasticembedded whole mount preparation of the upper pharyngeal bones/teeth from wild-type (F) and rs-3 (G) medaka viewed from the medial side. In rs-3, despite the loss of a large number of teeth, the size and shape of functional teeth are comparable to those in wild-type medaka. Arrows indicate rostral direction; asterisks, growing replacement teeth. H, I: Series of photomicrographs of growing tooth germs in the pharyngeal dentition of wild-type (H) and rs-3 (I), showing normal tooth development in rs-3. Red stains represent TRAP positive osteoclasts associated with pharyngeal bones and teeth. Methylene blue counterstaining. pharyngeal regions. Embryos of wild-type medaka were obtained from natural spawning and raised in the medaka embryo medium (Iwamatsu, 2004) at 26 . Embryos were forced to hatch at days 1, 2, 3, 3.5, 4 and 5 post fertilization (dpf) using the pooled hatching enzyme (Kinoshita et al., 2008) and fixed in a mixture of 3% PFA and 2.5% glutaraldehyde. The developmental stages of the medaka embryos were assessed according to Iwamatsu (2004) . The fixed embryos were embedded in Epon 812, and one-m-thick serial horizontal or coronal sections including pharyngeal regions of the embryos were made with a diamond knife and stained with toluidine blue. Photomicrographs taken from the serial sections thus prepared were reconstructed into 3D images using the computer program DeltaViewer (Wada, 2007) . The traced images of endodermal and ectodermal elements depicted from the same set of serial sections of medaka embryos were also converted to 3D images.
Results

Scales and teeth
Whole body alizarin red staining of adult rs-3 revealed the absence of scales in large areas of the body surface posterior to the pectoral fins. The remaining scales were located preferentially in the anterior and dorsal regions of the body (Fig. 1A -C) . In three out of ten rs-3 examined, the caudal fin appeared lightly hypoplastic (Fig. 1C) . In all rs-3, the remaining scales were dorsal-ventrally elongated and enlarged in size compared with normal scales of wild-type medaka (Figs. 1D, 3A) .
The adult normal medaka has approximately 150 oral teeth on the premaxilla and dentary bones and around 800 teeth in total on a pair of upper and lower pharyngeal bones (pharyngobranchials and ceratobranchials) ( Fig.  2A, B) . To assess the influence of the disruption of edar on odontogenesis in medaka, we then examined the patterning, number, and structure of oral-and pharyngeal teeth in wild-type and rs-3 medaka. The arrangement of oral teeth viewed under the dissection microscope did not show appreciable differences in both upper and lower jaws between wild-type and rs-3 (Fig. 2C) . In contrast, pharyngeal teeth in rs-3 were apparently irregular in arrangement and smaller in number compared with those in wild-type medaka (Fig. 2D-G) . Interestingly, however, the size, shape, and structure of the remaining teeth in rs-3 were comparable to those of wild-type medaka (Fig.  2F, G) . Moreover, light and electron microscopy did not depict any notable structural abnormality in the tooth germs throughout the developmental stages in rs-3 (Fig.   Fig. 3 . Scale and tooth counting and morphometry of scale size in wild-type (n=5) and rs-3 (n=7). A: Scale number and size measurement. Scales posterior to pectoral fins in rs-3 are 83% fewer in average relative to those in wild-type (WT) (p<0.05%). However, the average size of the remaining scales in rs-3 is almost 3 times as large as that of wild-type (WT). B: Tooth number. In rs-3, oral teeth are 43.5% fewer (p<0.05%), whereas pharyngeal teeth are 73.5% fewer (p<0.05%) relative to those of wild-type (WT) medaka. 
2H, I).
Quantitative analyses of scales and teeth revealed that the scale number posterior to the pectoral fins in rs-3 was 83% less than that in wild-type medaka. The average size (surface area) of the remaining scales in rs-3 was 20.99 1.83 m 2 , approximately 3 times larger than that of the wild-type (7.29 0.95 m 2 ) (Fig. 3A) . In the case of teeth, the oral teeth were 43.5% fewer in rs-3, while the pharyngeal teeth of the same animals were 73.5% fewer relative to those in wild-type medaka (Fig. 3B) .
Relation between surface ectoderm and rostral endoderm in medaka embryos
In toluidine blue-stained sections of 3dpf (stage 29) embryos, the primitive foregut (lined by primitive enterocytes) was shown to extend further rostrally into pharyngeal region where the tube lumen was lined by a layer of lightly stained columnar cells corresponding to primitive hatching gland cells (Inohaya et al., 1995) . The hatching gland cells were further surrounded by more intensely stained endodermal cell layers which extended laterally and formed placodes of branchial arches (Fig.  4A, B , D -G, 5A). Close examination of the lateral extension of branchial placodes in coronal and horizontal sections confirmed the absence of any intervening mesoderm between the placodal endoderm and lightly stained surface ectoderm (Fig. 4C) . Transmission electron microscopy further confirmed a distinct basal lamina between the rostral endoderm and surrounding mesoderm as well as the absence of such a structure between the endoderm and apposing ectoderm (Fig. 4C) . Tooth germs started to develop in the most posterior pharyngeal endoderm (placode of pharyngobranchial IV and ceratobranchial V) in the areas approximately 50 m apart from the interface between the rostral endoderm and surface ectoderm before the onset of a gill slit opening, in 4 dpf embryos (stage 31) (Fig. 5B, C) . Figure 5D shows a panoramic view of the pharyngeal region of adult medaka in a horizontal section through the gills and pharyngeal teeth for comparison.
Discussion
Differential impacts of edar disruption on scale formation and oral/ pharyngeal odontogenesis
In this study, we have performed a quantitative evaluation of the effect of the aberrant splicing of edar on scale formation (number, size and shape) in rs-3 medaka mutants, and confirmed that scale loss does not occur evenly throughout the body but is increasingly prominent toward the caudal regions. We have also confirmed that disruption of the ectodysplasin pathway exerts a different magnitude of suppression on tooth formation between oral (43.5% loss) and pharyngeal regions (73.5% loss) without causing any structural abnormality in the remaining teeth and tooth germs in both regions, whereas the same condition causes abnormal shapes and a significant enlargement of the remaining scales. Although no plausible explanation is currently available as to what causes such a difference in the magnitude of suppression between scale and tooth formation and also between the oral and pharyngeal teeth in rs-3, it appears safe to state that, at least in the case of medaka, the primary role of the Eda-Edar pathway in odontogenesis is the regulation of tooth patterning rather than development of the individual teeth while the same pathway regulates scale patterning and its development.
Regarding the differential suppressive effects of aberrant edar on tooth formation in rs-3 between oral and pharyngeal dentitions, it is noteworthy that, in a whole-body in situ hybridization study of stage 30 wildtype medaka embryos, both eda and edar signals were expressed in oral odontogenic regions, whereas only the edar signal was detected in pharyngeal regions in the same embryos (unpublished data; personal communication, Prof. A. Kudo). Although the data are still preliminary and need further refinement, such different expression patterns of relevant genes may explain the underlining mechanisms whereby different phenotypes are induced in rs-3 between oral teeth and pharyngeal teeth and may also relate to the differences in scales and teeth as shown in this experiment.
Is the odontogenic competence of pharyngeal endoderm intrinsic?
In mammals, ectodermal and ectomesenchymal cells give rise to oral teeth during craniofacial embryogenesis (Lumsden 1988; Mitsiadis et al., 2003) . In their elegant cell tracing experiment combined with a molecular characterization of the oral ectoderm and pharyngeal endoderm in mouse embryos, Ohazama et al. (2010) indicated that mouse molars are the externalized endodermal structures, whereas the incisors of these animals are the internalized ectodermal structures, thus supporting both outside-in and inside-out theories of tooth evolution. The question is whether the endodermal odontogenic competence is intrinsic or is a consequence of the putative contribution of competent ectoderm during early embryogenesis.
According to the modified outside-in hypothesis of tooth evolution (Huysseune et al., 2009 ) the competent odontogenic ectodermal cells in teleosts migrate into the oropharyngeal cavity through the various openings such as the gill slits and, either directly or indirectly, participate in tooth formation by transferring odontogenic signals to the endoderm through direct cell-cell contacts. Our hi stological and ultrastructural analyses of stage 29 medaka embryos in fact revealed a direct contact between the surface ectoderm and rostral extension of the endoderm in pharyngeal regions, which may allow a signal exchange between the two germ layers. In this context, a possible contribution of the surface ectoderm to induction of the rostral endoderm to become odontogenic remains to be considered, but only if the surface ectoderm of medaka retains odontogenic competence. Medaka have bony scales and no teeth or denticles on their body surface. It is also important to note that pharyngeal tooth formation is independent of the gill slit opening since the timing of the initial pharyngeal tooth formation precedes that of the gill slit opening in medaka. Furthermore, the initial site of pharyngeal tooth development was as far as 50 m apart from that of ectoderm/endoderm contact in a stage 31 embryo (Fig. 5) . In summary, current observations of wild-type and rs-3 medaka have confirmed the differential involvement of Eda-Edar signaling in the regulation of oral and pharyngeal odontogenesis in a manner different from its role in scale development. Data from medaka embryos suggest the independence of key regulatory factors of pharyngeal odontogenesis from direct cell-cell interactions between the surface ectoderm and rostral endoderm in early embryogenesis, as well as from the gill slit opening.
